Abstract: In this paper, we investigate the dynamic response of stock market volatility to changes in monetary policy. Using a vector autoregressive model, our findings reveal a significant and asymmetric response of stock returns and volatility to monetary policy shocks. Although the increase in the volatility risk premium, futures-trading volume, and leverage appear to contribute to a short-term increase in volatility, the longer-term dynamics of volatility are dominated by monetary policy's effect on fundamentals. The estimation results from a bivariate VAR-GARCH model suggest that the Fed does not respond to the stock market at a high frequency, but they also suggest that market participants' uncertainty regarding the monetary stance affects stock market volatility.
Introduction
The effect of Federal Reserve (Fed) actions on the stock market has garnered substantial policymaking, practical and research interest. A change in the federal funds rate, the Fed's policy instrument, is closely associated with changes in various short-term interest rates. This, in turn, influences the discount rate used to value the cash flows from equities (i.e. dividends). Monetary policy also affects the stock market through its effect on financial leverage: each rate change by the Fed changes the cost for firms to finance their activities through issuing debt.
1 While the extant literature (Bernanke and Kuttner, 2005; Goto and Valkanov, 2002 ; Thorbecke, 1997 and Patelis, 1997; Tsai, 2014) widely documents a decrease in stock market returns following a monetary policy tightening, the effect of Fed actions on stock market volatility are less documented and understood. Nevertheless, the response of the stock market to Fed actions need not be limited to returns and can extend to stock price volatility through a number of channels.
On the one hand, as first documented in Black (1976) and Christie's (1982) seminal contributions, an asymmetric relationship exists between stock returns and volatility. Black (1976) and Christie (1982) attribute the increase in volatility to a higher leverage (debt-to-equity) ratio and researchers since refer to the asymmetric return-volatility relationship as the leverage effect. In view of the established decrease in stock prices following a monetary policy tightening, an increase in volatility can thus result from the leverage channel.
On the other hand, monetary policy can exert a direct influence on risk premiums and volatility. In fact, an alternative view of the asymmetric return-volatility relationship proposed by 3 Campbell and Hentschel (1992) and subsequently referred to as the volatility feedback hypothesis, postulates that negative news spur an increase in future volatility. According to the volatility feedback hypothesis, time-varying risk premiums relate the increase in future volatility to a decrease in contemporaneous returns. More specifically, the negative news leads to an increase in the expected stock returns (i.e. risk premiums) as investors require additional compensation to account for the increased riskiness of holding stocks. If volatility is a priced risk factor, and given a positive correlation between future volatility and expected returns, the increase in future volatility feeds back into and lowers contemporaneous returns. In sum, negative news decreases returns contemporaneously and increases both future volatility and expected stock returns. An unexpected monetary policy tightening constitutes negative news to stocks whose future cash flows (dividends) are valued at a higher than expected discount rate.
This implies that a monetary policy shock is expected to decrease returns contemporaneously and to increase future stock market volatility. Evidently, both the leverage and volatility feedback channels can operate simultaneously as argued in Wu (2001) .
An unexpected monetary policy tightening, which represents new information to investors, can also increase volatility through its effect on trading activity. In light of the new information available in the market, investors may rebalance their portfolios more intensively between equities and bonds thus spurring an increase in trading volume. The increase in trading volume could, in turn, translate into higher volatility due to the well-known positive relation between volatility and trading volume (Karpoff, 1987; Andersen, 1996, among others) . Such an increase in volatility would also be in line with Ross's (1989) analysis suggesting that information flow into the market positively correlates with volatility.
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While previous research (Bomfim, 2003; Lee, 2006) uses Generalized Autoregressive Conditional Heteroskdasticity (GARCH) models to investigate the link between monetary policy surprises and the volatility of some assets, the existing literature did not assess the dynamic effect of monetary policy shocks on stock market volatility (volatility risk premium) nor investigate the channels through which monetary policy affects volatility. In an influential contribution, Schwert (1989) studies the relationship between macroeconomic and stock market volatility but does not explicitly tackle the effect of monetary policy on stock market volatility.
In this paper, we undertake an in-depth analysis, at the monthly level, of the effect of futures-based monetary policy shocks on stock market volatility and the volatility risk premium.
We examine the dynamic effects of monetary policy shocks, identified from Federal funds futures data, by employing a vector autoregressive (VAR) model. The use of market-based measures of monetary policy shocks allows us to avoid the need to resort to identifying assumptions and circumvents dimensionality (degrees of freedom) problems in the estimated VAR. Our goal from this analysis is threefold. First, we assess the dynamic response of stock market volatility and the volatility risk premium to monetary policy shocks. Second, our analysis allows us to characterize asymmetries in the return-volatility relationship. Third, we study the channels through which monetary policy shocks affect stock market volatility by analyzing the joint response of several financial variables to market-based measures of monetary policy shocks. By inspecting the channels of monetary policy transmission to volatility, we also identify the importance of changes in the risk premium or leverage on stock market volatility and, therefore investigate in further detail the importance of the volatility feedback and leverage effect hypotheses.
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Our baseline results show a contemporaneous decrease in excess returns of 1% and an increase in stock market volatility which peaks one month following the monetary policy shock at 0.4%. The results illustrate the asymmetric return-volatility relationship. We further explore the high-frequency effect of monetary policy expectations on stock market volatility by estimating a bivariate VAR-GARCH model relating federal funds futures to stock market volatility. Our results lend empirical support to the hypothesis that market participants' uncertainty about the future course of monetary policy is an important determinant of stock market volatility.
To the best of our knowledge, this study is the first to examine the dynamic response of stock market volatility (volatility risk premium) to monetary policy shocks and to examine the transmission of monetary policy to volatility. Such an exploration would be of central importance from a theoretical and practical perspective. Theoretically, volatility is a key component of many derivative pricing models and an understanding of the dynamic response of volatility to monetary policy shocks would allow for better derivative pricing. From a practical perspective, the advent of derivatives on market volatility and their increasing popularity with investors shows that volatility, while itself not being a tradable asset, can be profitably traded as underlying asset for a number of derivatives contracts. 2 In addition, a more complete understanding of the role of monetary policy in affecting the volatility risk premium would contribute to a better understanding of risk taking behavior in financial markets.
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The plan of the paper is as follows: Section 2 discusses the data and variables we employ, Section 3 presents the econometric methodology and results while Section 4 offers some concluding remarks.
Data and Variable Description
Our data comprise daily and monthly observations on excess returns on the S&P 500 index, We discuss next our data and variables in further detail.
Daily data

Stock returns
Daily closing price data on the Standard and Poor's S&P500 index are obtained from Yahoo! Finance. Continuously compounded daily returns are computed as:
where t n P , denotes the closing index price on day n of month t. 
Monthly data
Excess returns and realized volatility
Monthly excess returns on the S&P500 index are computed by subtracting the three month T-bill rate (considered as a proxy for the risk-free rate) from the monthly returns on the S&P500:
Monthly realized stock market volatility is computed, in turn, from daily squared returns as in Bandi and Perron (2006) :
where N denotes the number of trading days in month t.
Monthly monetary policy shocks
Given the evidence in favor of the efficiency of federal funds futures, several studies have also proposed extracting monthly monetary policy shocks from these contracts. Following Bernanke and Kuttner (2005), a monthly monetary policy shocks series is computed from futures prices.
Let 1 ,t n FFF denote the one-month-ahead implied rate for day n of month t, and t n FFTR , denote the Federal funds target rate for day n in month t, the monthly monetary policy shock is given by:
where
denotes the one-month-ahead futures rate on the last (N th ) day of month t-1.
In the absence of a time-varying risk premium 5 , the one-month Federal funds futures rate at time t represents market participants' expectation of the average Federal funds rate, the Fed's main policy rate before the onset of the subprime mortgage crisis, in month t+1. The difference between the average target rate in month t and the one-month-ahead futures rate in month t-1 therefore represents the unexpected component of the target rate change (i.e. the monetary policy surprise).
Variance and volatility risk premiums
The Chicago Board Options Exchange (CBOE)'s option-implied volatility (VIX) index is widely viewed by policymakers and market participants as an investor "fear gauge" (Whaley, 2000; Blanchard 2009 ). The VIX index (IVOL), which is constructed from S&P 500 options with a constant thirty calendar days to expiry, also represents market participants' expectation of realized volatility over the next 22 trading days. Prior research suggests, however, that the VIX is a biased and inefficient predictor of future S&P 500 realized volatility (Chernov, 2007) .
In light of option-implied volatility's bias, recent research defines the variance risk premium (VRP) as the difference between the risk-neutral and physical (i.e. statistical or objective) expectations of the return variance. Let
Var denote the return variance on the S&P 500. Following Zhou (2010) , the variance risk premium is defined as:
where (.) Q t E and (.)
P t E denote, respectively, the conditional expectation operators at time t under the physical and risk-neutral measures.
While prior research (Zhou, 2010; Bekaert and Hoerova, 2014) employs the squared VIX index as an empirical proxy for the risk-neutral S&P 500 return variance, the literature adopts a number of approaches for obtaining an estimate of the physical return variance measure. Recent research (Bollerslev, Tauchen and Zhou, 2009; Adrian and Shin, 2010) 
Financial variables
In addition to excess returns and volatility, we employ the following variables in the VAR model: the real interest rate (RINT) defined as the difference between the three month T-bill rate and the consumer price inflation, the change in the three month T-bill rate (DTB), the dividend yield on the S&P500 (DY), the change in the S&P 500 futures-trading volume (VOLUME) and financial leverage (LEVERAGE) as proxied for by the monthly growth rate in commercial and industrial loans made by all commercial banks. The time series dynamics of the endogenous variables employed in VAR estimation over the baseline period are displayed in Figure 1 .
[Insert Figure 1 here]
Panels A and B of Table 1 additionally report the summary statistics of the variables employed in the empirical analysis for the baseline and extended sample periods, respectively.
[Insert Table 1 here]
The results in Table 1 indicate that the dividend yield exhibits very high persistence that is well documented in the literature. Table 1 also shows that the volatility risk premium is, on average, positive and despite the strong persistence in realized and implied volatilities, it exhibits only weak serial correlation.
Econometric Methodology and Results
The VAR model
In this section, we present the VAR model employed and study the channels of transmission of monetary policy shocks to volatility. Campbell (1991) provides a decomposition that relates unexpected stock returns to changes in expectations of future dividend growth, interest rates and future stock returns. Patelis (1997) and Bernanke and Kuttner (2005) employ Campbell's (1991) decomposition to assess excess stock returns' response to a monetary policy. Let t ER denote excess returns at time t. Then, following Campbell (1991) excess returns can be written as: RINT denotes the real interest rate at time t and ρ is a constant (generally set close to one) which equals the ratio of ex-dividends to the cum-dividends.
As convincingly argued in Patelis (1997) and Bernanke and Kuttner (2005) , the decomposition in equation (6) illustrates the various channels through which monetary policy can affect returns. Contractionary monetary policy can exert an effect on stock market returns by decreasing expected future dividends, increasing expected excess returns or increasing the future expected real interest rates. As argued earlier, monetary policy's effect can extend to volatility through a multitude of channels: its effect on time-varying risk premiums (volatility feedback hypothesis), on financial leverage (leverage effect) or on discount rates and trading activity.
In order to simultaneously examine the response of stock market volatility, returns and the transmission of monetary policy to volatility, the variables included in equation (6) computed from equation (4), on financial variables:
where [ ]
In equation (7) .
In addition to excess returns, realized volatility, the volatility risk premium, the real interest rate, the change in the T-bill rate and the dividend yield, we include in the VAR a measure of financial leverage and the change in S&P 500 futures-trading volume. Bessembinder and Seguin (1993) provide empirical evidence of a positive correlation between unexpected futures-trading volume and volatility. Following Bessembinder and Seguin (1993) , we consider the residuals from a AR(10) model of the change in log volume to be the unexpected component of S&P 500 futures volume. 8 As argued in Bessembinder and Seguin (1993) and given that extracting the unexpected component of the futurestrading volume is the primary goal, using an AR model with arbitrarily long lags would be sufficient. We note that our results are unchanged when we use a well specified ARMA model. Our impulse responses are also not affected when we detrend S&P 500 futures volume by subtracting from it its one or two-year moving average instead of log differencing.
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The responses of the financial variables to a one standard deviation (9 basis points and 10 basis points increases in the baseline and extended samples, respectively) contractionary monetary policy (MP) shock, for a horizon of twelve months, are displayed in Figures 2 and 3 for the baseline and extended samples, respectively.
[Insert Figures 2 and 3 here]
The impulse responses in Figure 2 show that a one standard deviation contractionary shock leads to a contemporaneous decrease of one percentage point in excess returns. The well-established (Thorbecke, 1997; Bernanke and Kuttner, 2005, Tsai, 2014) initial decrease in excess returns is short-lived and lasts for around one month. When we extend the sample to December 2008
( Figure 3) , we find that the contemporaneous negative response of excess returns to an MP shock is qualitatively maintained but decreases in magnitude.
While the response of returns is in line with results reported in prior studies, a number of interesting and novel observations emerge from the dynamic response of realized volatility to a monetary policy shock. In our baseline sample, an MP shock leads to an increase in realized volatility whose response peaks at around 0.4% one month after the shock. Figure 3 shows that realized volatility's response to a monetary tightening is at its highest contemporaneously at 0.7%. While the response of realized volatility reverts back to zero three months after the shock in the baseline sample (Figure 2 ), realized volatility's response remains persistently positive and only gradually dies out twelve months after the shock in the extended sample (Figure 3 ). Our findings from the baseline and extended samples confirm the widely documented (Black, 1976; Christie, 1982; Campbell and Hentschel, 1992) asymmetric response of volatility to negative return shocks and conform to economic intuition.
14 While both the leverage effect and volatility feedback hypotheses imply an asymmetric return-volatility response, we note that the causality implications of the two hypotheses are different. In fact, the leverage effect hypothesis stipulates that future volatility increases because of the contemporaneous decrease in stock prices (and the resulting increase in the debt-to-equity ratio) whereas the volatility feedback hypothesis postulates that the increase future volatility drives the decrease in contemporaneous stock returns. Therefore, as argued in Wu (2001) and Bekaert and Wu (2000) , the causality implications of the two hypotheses are different. Causality runs from stock returns to volatility under the leverage effect hypothesis whereas the volatility feedback hypothesis implies that the increase in volatility causes stock returns to decrease contemporaneously. A closer inspection of the dynamic response of financial leverage and the variance risk premium to an MP shock, as discussed next, can assist in determining the importance of the leverage and risk aversion channels in the transmission of MP shocks to volatility.
Given that the volatility feedback hypothesis attributes the response of volatility to changes in risk premiums, we turn to a more extensive analysis of the effect of monetary policy changes on the volatility risk premium. A number of studies (Rosenberg and Engle, 2002; Bollerslev, Tauchen and Zhou, 2009; Bollerslev, Gibson and Zhou, 2011; Bekaert and Hoerova, 2014) provide empirical evidence of a positive correlation between market-wide risk aversion and the variance risk premium. As argued earlier, a monetary policy shock can affect returns and volatility through its effect on discount rates, risk premiums, financial leverage or trading activity. Regardless of the exact channel through which Fed actions operate, we argue that a monetary policy tightening constitutes negative news to stocks. The negative news translates into an increase in realized volatility (and expected returns) and a decrease in excess returns. We turn next to assessing the importance of the other channels of transmission of an MP shock to realized volatility.
The leverage effect hypothesis posits that changes in volatility are driven by changes in leverage. The VAR model in equation (7) therefore comprises a measure of financial leverage and Figures 2 and 3 lend empirical support to the presumption that monetary policy shocks transmit to volatility through the leverage channel. As expected, the increase in interest rates following the monetary policy shock also increases leverage due to the increase in the cost of issuing debt. The slow mean reverting increase in leverage, in turn, corresponds with an increase in stock market volatility.
The change in the T-bill rate exhibits a positive response to a futures-based monetary policy shock across both the baseline and extended samples. The response of the change in the T-bill rate reverts back to zero around six months following the shock. The dynamics of the real interest rate show an initial decrease (which is insignificant in the baseline sample). 10 The real interest rate then turns and remains persistently positive for twelve months after the MP shock.
The decrease in the real interest rate indicates that, following the monetary policy shock, inflation increases proportionately more than the nominal interest rate. Taken together, the responses of the interest rate variables are also suggestive of an important response of short-term interest rates, and by extension, of discount rates, to monetary policy shocks.
The unexpected S&P 500 futures-trading volume increases contemporaneously due to the monetary policy shock. The increase in trading volume is short-lived in both samples and lasts for one month following which trading volume becomes slightly negative. The response of unexpected futures trading volume reverts back to zero six (twelve) months after the MP shock in the baseline (extended) sample. The positive relationship between futures-trading activity and volatility is consistent with Bessembinder and Seguin (1993) and with the notion that the monetary policy shocks constitute new information arrival into the market that drives investors to rebalance their portfolios more intensively.
Finally, the dividend yield also strongly responds to a monetary policy shock. Due to the decrease in stock prices, the dividend yield shows a persistent increase in both the baseline and extended samples. In sum, the impulse responses in Figures 2 and 3 uncover that the risk premium, discount (interest) rate, leverage, trading volume and dividend channels all contribute to the short-term increase in volatility.
In order to better assess the importance of each of the channels, Panels A and B of Table   2 provide the forecast error variance decompositions for a horizon of twelve months for the baseline and extended sample periods, respectively.
[Insert Table 2 The variance decompositions in Table 2 lend support to the hypothesis that monetary policy's impact on excess returns appears to propagate through the dividend yield channel, while an MP shock's effect on volatility transmits through the risk premium and futures-trading volume channels. The contribution of the financial leverage channel appears to be more modest. 11 The variance decompositions also indicate that, aside from an own shock, the largest proportion of the variance of realized volatility is due to innovations in returns whereas 11 Using high-frequency firm-level data, Tsai (2014) provides empirical evidence that financially constrained firms are more responsive to a monetary policy surprise. We view Tsai's (2014) results as indicative that the importance of the leverage channel might be better discerned at the individual equity level and using higher frequency data.
innovations to excess returns and the real interest rate contribute the most to the variance of the volatility risk premium. Our results also suggest that once the effect of an MP shock on interest rates, trading volume and risk premium dies out, the dynamics of excess and volatility are dominated by the persistent effect that monetary policy exerts on fundamentals (the dividend yield).
Federal funds futures and stock market volatility
In view of the response of stock market volatility to monetary policy uncovered in the prior section, we turn next to investigating the relationship among the stock market and monetary policy expectations, gauged using futures data, at the daily level. Specifically, we examine the volatility interaction among the stock and federal funds futures markets. To do so, we use daily continuously compounded returns on the S&P 500 (in percent) as well as the daily changes in the implied interest rates from federal funds futures (in basis points).
Hamilton ( Given the conditional heteroskedasticity present in the daily changes in federal funds futures rates, we proceed to jointly modeling the stock and federal funds futures volatility using a
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bivariate VAR-GARCH model. Unlike the VAR models considered previously, the model entertained in this section makes use of daily data and does not address the effect of a monetary policy shock on stock market volatility per se, but rather the volatility interaction between market-based measures of monetary policy expectations and the stock market. We treat stock market volatility as a latent process and employ the following constant correlation bivariate VAR-GARCH model proposed by Ling and McAleer (2003) :
where [ ] The results from estimating the bivariate VAR-GARCH model in equations (8), (9) and (10) are reported in Table 3 for the baseline and extended samples.
[Insert Table 3 13 We view the results as suggestive that while the Fed does not respond to stock market developments at a high frequency, stock market volatility is affected by changes in market expectations of future monetary actions.
Policymaking and efficiency implications
The empirical evidence presented in this paper suggest a statistically and economically important reaction of stock market volatility and (to a lesser extent for the extended sample) market-wide risk aversion to monetary policy shocks. We discuss next the policy and market efficiency implications of our results.
The ( Since December 2008, the Fed began explicitly announcing that it intends to keep the Fed funds target rate within a specified range for an extended period of time. 14 This practice, dubbed forward guidance, is the latest effort to increase the transparency of the monetary policymaking process and aimed, to some extent, at calming financial markets which experienced remarkable volatility in the midst of the financial crisis. 15 Prior research (Lange, Sack and Whitesell, 2003; Swanson, 2006; Kwapil and Scharler, 2013) 
Conclusion
This paper studies the dynamic response of stock market volatility to monetary policy. Using a VAR model that incorporates a futures-based measure of monetary policy shocks, our findings uncover a significant response of stock market volatility to monetary policy shocks. While several channels (volatility risk premium, leverage, volume and interest rates) contribute to the short-term increase in volatility, the longer-term dynamic response of volatility appears to be dominated by the persistent effect of monetary policy on stock market fundamentals (dividends).
Our results also show an asymmetric return-volatility response to a monetary policy shock. In view of the important dynamic response of stock market volatility to monetary policy, we 23 investigate the volatility interaction between Federal funds futures contract and the stock market using a bivariate VAR-GARCH model. Our results suggest that the Fed does not respond to stock market developments at a high-frequency but that market participants' uncertainty about the future course of monetary policy is an important determinant of stock market volatility.
Our findings entail important practical and policy making implications. From a policy perspective, our results demonstrate that Fed actions have a significant effect on stock market volatility and, to a lesser extent, the volatility risk premium. This, in turn, implies that the Fed might be able to influence market volatility through better communication or forward guidance.
From a trading perspective, our results show that investors might be able to trade profitably, by entering into suitable variance or volatility swap positions, due to the increase in volatility that follows a monetary policy shock. In light of the findings in this study, an interesting avenue for future research would be to examine the effect of increased Fed transparency and unconventional monetary policy actions on stock market volatility during the financial crisis. It would be particularly interesting to determine if, and the extent to which, the Fed's forward guidance and unconventional policies contributed to reducing asset price volatility. 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 sample (1990:01-2007:12) . Response of excess returns on the S&P 500 (ER), stock market volatility (VOL), variance risk premium (VRP), the real interest rate (RINT), the dividend yield (DY), the change in the T-bill rate (DTB), financial leverage (LEVERAGE) and unexpected futures-trading volume (VOLUME) to a one standard deviation monetary policy shock (MP) as computed from the VAR model in equation (7). Blue lines are 95% confidence bands constructed using Monte Carlo simulation. 1990:01-2008:12) . Response of excess returns on the S&P 500 (ER), stock market volatility (VOL), variance risk premium (VRP), the real interest rate (RINT), the dividend yield (DY), the change in the T-bill rate (DTB), financial leverage (LEVERAGE) and unexpected futures-trading volume (VOLUME) to a one standard deviation monetary policy shock (MP) as computed from the VAR model in equation (7). Blue lines are 95% confidence bands constructed using Monte Carlo simulation. The forecast error variance decomposition gives the percentage of the variance of the independent variables explained by a shock to one the VAR's variables over a twelve month horizon. * denotes statistical significance at the 10% level, ** at the 5% level and *** at the 1% level. (8), (9) and (10). Bollerslev and Wooldridge (1992) robust standard errors are reported next to the estimated coefficients. * denotes significance at the 10% level, ** at the 5% level and *** at the 1% level. The last row reports Tse's (2000) Lagrange Multiplier (LM) test for the null of constant correlation and its p-value (right column).
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